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Advanced nondestructive inspection techniques like stress wave timing and
resistance microdrilling have been used to successfully inspection timber bridges, but it
is most effective on girder style bridges. There is a noted need to develop additional
inspection techniques for longitudinal deck/slab timber bridges, which comprise about
20% of the national bridge inventory. One technique that holds potential is ground
penetrating radar, a recognized nondestructive testing technique that has been used
effectively for many different environmental and transportation applications. It has
been utilized successfully to identify buried objects, internal defects and material
changes. The objective of this research was to assess the potential for using GPR to
identify and assess simulated deterioration in longitudinal timber deck timber bridges.
GPR scans were completed in the longitudinal and transverse directions of a screw‐
laminated timber bridge deck before and after a bituminous layer was added to assess
embedded defects that simulated voids, decay, insect damage and horizontal shear

splitting. Assessment of the GPR wave energy signal was completed using visualization
software that was provided with the commercial GPR unit used for the testing. The
radar signal was analyzed in both the longitudinal direction (antenna front to back) and
the transverse direction (antenna side to side). Interpretation of the radar signals
allowed for the identification of various internal defects present in the deck. Based on
the results, GPR has the potential to identify internal defects in timber bridge decks
before and after a bituminous layer was added. Large, rectangular void defects (at least
6‐ by 12‐ by 5 in. (15.2‐ by 30.4‐ by 12.7 cm)) that were hollow, filled with foam, or filled
with sawdust/adhesive were most easily identified under all scanning conditions. The
addition of a bituminous layer, common to slab bridge construction, damped the signal
response and made it more difficult to identify defects. Several smaller defects that
were found in the deck without a bituminous layer were not identified in scanning
completed after the bituminous layer was added.
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INTRODUCTION

1.1

Overview
Timber bridges are an important component of the United States highway

system, especially in rural areas. The 2013 National Bridge Inventory (NBI) database
includes 41,142 bridge structures that have timber as a primary structural member in
the superstructure (US DOT 2013).
Timber materials have been used for decades as an engineering material for
timber bridges, but it deteriorates due to decay fungi, insect attack, and mechanical
damage. Types of biological damage include decay and insect damage caused by a
variety of species of fungi and insects such as ants or termites. The application of
preservative treatment greatly enhances the durability of timber bridge components,
but regular inspections are vital for the identification of deterioration and
implementation of timely repairs and active maintenance programs.
Current timber bridge inspection procedures are mostly limited to visual
inspection, sounding with a hammer, and coring to confirm suspected damage areas.
These techniques have proven adequate for advanced decay detection, but are not
adequate when the damage is in the early stage or is located internally in members.
Recently, advanced inspection techniques for timber bridges have been increasing
1

utilized. This includes equipment like stress wave timers and resistance microdrills. This
equipment offers the potential to locate and quantify the extent of decay that is
present, however, it is more suited to bridges that are constructed with beam systems.
New techniques need to be developed for longitudinal deck and slab span bridge
systems. One technique that holds potential is ground penetrating radar (GPR).
1.2

Objective
The objective of this research was to assess the potential for using GPR to

identify and assess deterioration in longitudinal timber decks and slab style timber
bridges. Commercial GPR equipment was used to assess constructed deterioration in a
longitudinal deck slab constructed in a laboratory setting. Simulated defects included:
voids, decay, carpenter ant and termite nests, and horizontal splits. GPR equipment was
used to inspect these decks before and after an asphalt layer was placed onto the deck.
The fundamental research questions to be addressed include:


Can GPR be use to identify internal artificial defects in longitudinal timber
deck/slab systems?



What are the size limitations for identifying these defects?



Do internal metal screw and nail fasteners impact the interpretation of the
signal results?



What signal processing needs to be completed to interpret the data?



Does the addition of a bituminous layer affect the ability to identify defects?

2



What future research should be considered to support implementation of
this technology?

1.3

Timber Bridge Types
Timber bridges are constructed with sawn lumber or glue laminated (glulam)

lumber elements used in the superstructure, substructure or both. The main categories
of timber bridge superstructures include beam, deck (slab), truss, arch, and suspension
types (Ritter 1990).
1.3.1

Beam Bridges
Beam or girder types of timber bridges will include a deck system supported by

longitudinal sawn or glulam beams that run parallel to traffic flow. Sawn lumber bridges
are constructed of lumber beams that are commonly 6 to 8 in. (15.2 to 20.3 cm) wide
and 12 to 18 in. (30.5 to 45.7 cm) deep. They are typically spaced 10 to 16 in. (25.4 to
40.6 cm) on center with solid timber blocking between beams for alignment and lateral
beam support (Ritter 1990). These beams are supported by abutments and piers that
are constructed from timber, steel, or concrete. Glulam beams are typically
manufactured from nominal 1.5 in. (3.8 cm) thick construction lumber that is face
laminated on the wide dimension using a structural, water resistant adhesive. Figure
1.1 shows an example of a typical timber beam bridge constructed from sawn lumber
and Figure 1.2 shows a typical beam bridge constructed from glulam members.
Typical inspection procedures for beam bridges include visual inspection,
probing, stress wave timing and resistance microdrilling. This style of bridge is relatively
3

easy to inspect using this equipment because inspectors have access to both sides of
most members, required for stress wave inspection equipment. Once decay or
deterioration is identified through visual, probing or stress wave inspection, resistance
microdrilling can be completed to clearly define the extent of decay.

Figure 1.1

Typical sawn beam timber bridge.

4

Figure 1.2

1.3.2

Typical glulam beam timber bridge.

Longitudinal Deck or Slab Bridges
The second most common bridge superstructure includes longitudinal deck or

slab styles. Longitudinal deck bridges include nail‐laminated, spike‐laminated, stress‐
laminated, and glulam systems. The structural members may be either sawn or glulam
lumber. For both materials, these bridges are typically constructed in panels that are
connected transversely using a distributor beam. Sawn lumber slab bridges use 2 to 4
in. (5.1 to 16.2 cm) wide lumber, 8 to 16 in. (20.3 to 40.6 in.) deep, that is nailed or
spiked together to form a continuous surface. Glulam longitudinal deck bridges are
constructed of panels that are typically 6.75 to 14.25 in. (17.1 to 36.2 cm) deep and 42
to 54 in. (106.7 to 137.2 cm) wide (Ritter 1990). Figure 1.3 shows an example of a
modern spike‐laminated timber bridge.

5

Figure 1.3

Typical spike‐laminated timber bridge superstructure.

Typical inspection procedures for deck or slab bridges include visual inspection,
probing, and resistance microdrilling. However, this style of bridge does not allow for
the use of stress wave timing techniques as inspectors are not able to access both sides
of individual members. These bridges are constructed so that individual beams or
panels are tightly attached to each other side‐by‐side using adhesive, mechanical nail,
spikes or tensioning rods. Further, these bridges often have a wear layer of either gravel
or bituminous on top of the bridge, restricting access to the structural members from
the top of the bridge deck. Because of the challenges associated with inspecting this
style of bridge, new nondestructive evaluation methods and equipment need to be
evaluated to improve the quality and reduce the time required to conduct required
inspections.

6

1.4

National Bridge Inspection
In December 1967, the Ohio Silver Bridge, connecting Point Pleasant, West

Virginia and Gallipolis, Ohio, collapsed and killed 46 people. As a result, Federal
Highway Administration (FHWA) bridge inspection program regulations were developed
because of the Federal Highway Act of 1968. This Act required the Secretary of
Transportation to establish a national bridge inspection standard to ensure the safety of
the traveling public. It also required that a training program be developed for bridge
inspectors and engineers. Finally, it directed States to maintain an inventory of Federal‐
aid highway system bridges.
The current National Bridge Inventory System (NBIS) inspection program (US
Government Printing Office 2004) requires inspection of publicly owned highway
bridges over 20 ft. Most bridges must be inspected every two years (24 months), guided
by the FHWA Bridge Inspector’s Reference Manual (USDOT 2012) and the FHWA
Recording and Coding Guide (US DOT 1995). Each State has developed bridge
inspection guidelines and manuals designed to support these inspections, and offers
ongoing training to inspectors as specified by the NBIS.
As developed by FHWA, NBI condition ratings describe the general overall
condition of a bridge. Structural element condition ratings divide a bridge into separate
components that are rated individually based upon the severity and extent of
deterioration. This element level rating system was developed by the American
Association of State Highway and Transportation Officials (AASHTO), and is outlined in
the AASHTO Manual for Bridge Element Inspection (AASHTO 2013). Structural element
7

condition ratings provide input data for a bridge management system that can be used
to assess structural performance and to identify maintenance requirements.
1.5

Timber Bridge Inspection Techniques
Wood is a natural material that is prone to deterioration caused by decay fungi

and insect attack. Typical deterioration affecting timber bridge structural performance
can occur from both biological damage and mechanical damage. Types of biological
damage include decay and insect damage caused by a variety of species of fungi and
insects such as ants or termites. This results in localized deterioration in areas of high
moisture content and decay of pile caps and pilings. Mechanical damage might include
broken or damaged wood members or mechanical fasteners. For these reasons, it is
important to conduct frequent inspections of timber bridges.
Current timber bridge inspection procedures used across the United States are
mostly limited to visual inspection and probing of the wood components. These
techniques have proven adequate for advanced decay detection, but are not adequate
when the damage is early stage or located internally in members. In fact, studies on the
reliability of visual inspections conducted on highway bridges (Phares et al. 2000)
revealed condition ratings to be highly variable and to yield inaccurate results.
A Federal Highway Administration publication, “Highway Bridge Inspection:
State‐of‐the‐Practice Survey (US DOT 2001),” reported survey results from state division
bridge engineers and bridge inspection managers. The primary inspection techniques
reported for timber bridges showed that visual inspection and mechanical sounding
8

were used by 75% of the reporting states as the primary inspection technique. Only 4%
of the states used advanced inspection techniques such as stress wave timing and
resistance drilling. The primary goal if funds were available was to add additional
nondestructive evaluation equipment.
Efforts by the USDA Forest Products Laboratory and their cooperators at the
University of Minnesota Duluth’s Natural Resources Research Institute (NRRI) and their
cooperators including the USDA Forest Products Laboratory, St. Louis County
Minnesota, Michigan Technological University and others have worked to transfer the
use of advanced inspection techniques like stress wave timing and resistance drilling to
inspectors and engineers to significantly improve the reliability of timber bridge
inspections (Ross et al 2004, Brashaw et al 2004, Brashaw et al 2005, Brashaw et al
2005, Brashaw 2011). The following sections provide background information on visual
and advanced techniques for timber bridges.
1.5.1

Visual Inspection
The simplest method for locating deterioration is visual inspection. An inspector

observes bridge elements for signs of actual or potential deterioration, noting areas that
require further investigation. When assessing the condition of an element, visual
inspection should never be the sole method used. Visual inspection requires strong
light and is useful for detecting intermediate or advanced surface decay, water damage,
mechanical damage, or failed members. Visual inspection cannot detect early stage
decay. A visual inspection should focus on identifying and assessing the extent of the
9

following signs of deterioration: fruiting bodies, sunken faces or localized collapse,
staining or discoloration, insect or animal activity, plant or moss growth, checks and
splits, and weathering or impact damage.
1.5.2

Sounding, Probing and Moisture Content Techniques
Simple mechanical tests are frequently used for in‐service inspection of wood

elements in timber bridges. For example, hammer sounding and probing is used in
combination with visual inspection to conduct an initial assessment of the condition of a
member. The underlying premise for such tests is that degraded wood is relatively soft
and might sound hollow, with low resistance to penetration.
Moisture meters can effectively be used in conducting inspections of timber
bridge elements. It is well documented that the presence of moisture is required for
decay to occur in timber. Typically, moisture contents in timber of less than 20% will
not allow decay to occur in wood. However, as the moisture increases above 20%, the
potential for decay to occur increases (Forest Products Laboratory 2010).
1.5.3

Stress Wave Timing
Stress wave timing is an effective method for locating and defining areas of

decay in timber bridges. Stress wave propagation in wood is a dynamic process that is
directly related to the physical and mechanical properties of wood. In general, stress
waves travel faster in sound and high quality wood than they do in deteriorated and low
quality wood. By measuring transmission time through a timber bridge beam, pile cap
or piling in the transverse direction, the internal condition of the element can be
10

evaluated. As an introduction, a schematic of the stress wave concept for detecting
decay in a timber piling is shown in Figure 1.4. A stress wave is induced by striking the
timber member with an impact device instrumented with an accelerometer. This emits
a start signal to a timer or through an ultrasonic pulse. A second accelerometer, held in
contact with the other side of the member, identifies the leading edge of the
propagating stress wave and sends a stop signal to the timer. The elapsed time for the
stress wave between the accelerometers is displayed on the timer. This measured time,
when converted to a transmission time on a per length basis (or alternately as wave
propagation speed), can be used as a predictor of the physical conditions inside the
timber bridge member. The velocity at which a stress wave travels in a member is
dependent upon the properties of the member.

Figure 1.4

Stress wave timing concept showing increased transit time when decay is
present in a timber piling (image credit: Fakopp Enterprises).
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The presence of deterioration from decay can greatly affect stress wave
transmission time in wood. Transmission times for decayed wood are much greater
than that for nondecayed wood. For example, transmission time for nondegraded
Douglas fir and southern yellow pine is approximately 200 µs/ft (494 μs/m), whereas
severely degraded members have values as high as 975 μs/ft (3,200 μs/m) or greater. A
50 ‐ 100% increase in time indicates moderately decayed wood and an increase of over
100% may indicate severe deterioration.
There are several companies that produce stress wave timing equipment that is
suitable for inspecting timber bridges. More information is available in White (2014).
1.5.4

Resistance Drilling
Another drilling technique that has been commercially developed is the

resistance drill system. Developed in the late 1980s, this system was originally
developed for use by arborists and tree care professionals to assess tree rings, evaluate
the condition of urban trees and locate voids and decay. This technology is now being
utilized to identify and quantify decay, voids, and termite galleries in structural wood
members including beams, columns, poles, and piles. This technique is now the
preferred drilling and coring technique for timber elements. Figure 1.5 shows a
resistance microdrill being used to assess the level of decay in a timber bridge pile.
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Figure 1.5

Resistance microdrill used to inspect internal quality in timber piles.

There are several machine types available from different manufacturers.
Information on manufacturers is available in White (2014). They operate under the
same general principle of measuring the electric power consumption of a needle
rotation motor. This value is proportional to the mechanical torque at the needle and
mainly depends on wood density (Rinn 1990). The purpose of the equipment is to
identify areas in timber elements that have voids or low density due to decay or
deterioration. The resistance drill equipment measures the resistance of wood
members to a 0.6 in. (1.5 mm) drill bit with a 0.18 in. (3.0 mm) bit head tip that passes
through them. This drill bit travels through the member at a defined movement rate and
generates information that allows an inspector to determine the exact location and
extent of the damaged area. Areas of sound wood have varying levels of resistance
13

depending on the density of the species, while voids show no resistance. Figure 1.6
shows the use of a timber pier cap being assessed with a resistance microdrill and the
resulting chart image showing minimal drilling resistance that indicates the majority of
the cap is decayed.

Figure 1.6

Resistance microdrilling showing significant decay in the bridge pier cap.

The inlay shows the paper chart readout from a commercial drilling unit.

Review of the charts or printouts should be conducted in the field and notes
taken to ensure understanding of the testing location. It is recommended that notes be
taken. Care should be exercised to ensure that low profiles from sound but soft, low
density wood (such as Douglas fir) are not misinterpreted as decay. It is also known that
the center of softwood species near the pith will have low resistance and lack the
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defined growth rings visible in the outer sections. It is also important to understand the
type of wood that is being drilled. Sound wood from many hardwood species may have
high levels of resistance over 50%, while sound wood from softwood conifers may have
low levels of resistance in the range of 15‐50+%, depending on its density. An operator
should evaluate the levels of decay across the full drilling distance. Further, each piece
of commercial equipment provides different scales and may have different resistance
levels. Guidance information from the equipment manufacturer should also be
consulted as part of the interpretation.
1.6

Summary
Comprehensive inspection protocols for timber bridges include a wide variety of

techniques to assess the condition of wood members in service. Visual inspection,
moisture content assessment, mechanical probing, drilling, resistance microdrilling and
stress wave or ultrasound‐based technologies may all be used individually or in
combination by inspectors. These techniques, however, are most effective when
inspecting individual members or beam type bridges. Longitudinal deck or slab span
bridges present an opportunity for alternate technologies, such as GPR, to assess large
sections for internal decay or insect damage. The focus of this research was to
construct areas of simulated defects including decay, carpenter ant and termite nests,
and longitudinal shear failures in a longitudinal timber deck. Commercial GPR
equipment was then used to inspect the deck before and after an asphalt wear layer is
added to assess its ability to locate these defects.
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LITERATURE REVIEW

2.1

Timber Bridge Inspection Overview
Inspection of timber bridges has been well defined through a number of

excellent research and field manuals. Ritter (1990) developed and published a
comprehensive manual on timber bridges that included a full chapter on inspection.
However, at that time, he did not specifically provide information on stress wave timers
or resistance drills. More recent publications have provided excellent information on
the usage guidelines and potential for using advanced inspection techniques for timber
bridges (Ross et al. 1998, Emerson et al. 1998, Ross et al. 1999, Brashaw et al. 2005,
Brashaw et al. 2005, Moore et al. 2010, Brashaw et al. (201x)). However, these
publications do not include any specific information on alternate inspection techniques,
notably the use of GPR.
2.2
2.2.1

Ground Penetrating Radar
Overview
GPR is a geophysical method that sends radar energy into the ground or a

material with a goal of evaluating the area below the surface (Encyclopedia Britannica
2014 and Daniels 2000). It is a nondestructive method that transmits a pulse of
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electromagnetic energy into a material and captures the return of a reflected signal.
Typically, a series of pulses are completed along closely spaced transect lines over an
area. The compilation of these individual scans makes up a full scan. GPR scanning can
be used to detect embedded objects, material changes, and defects in a variety of
materials including soil, road surfaces, structures, and other materials. When the
electromagnetic wave is sent from a transmitting antenna, it travels though the material
until it hits an embedded object or a boundary interface with different dielectric
properties. The antenna receives and records variations in the reflected return signal. If
the wave hits a buried object, part of the energy is reflected and part continues to travel
downward. Typical GPR systems are made up of a control unit, antenna and a power
supply.
GPR is used for a variety of engineering applications and material assessments.
It is used for utility inspections, archaeological studies, and geological assessments.
Specifically, in engineering applications, it has been used for assessing bridge decks,
roads, and other structures. A number of papers have been written detailing the
principles and technical requirements of GPR. Examples include Daniels (1996, 2000)
and Bungey 2004.
2.2.2

GPR for Concrete Structures
A main use of GPR is to conduct inspections of concrete transportation

infrastructure. Numerous papers have been written detailing its use. Maierhofer (2003)
presented information noting that the use of GPR at frequencies from 500 MHz to 2.5
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GHz has yielded good results for inspection of concrete structures. The technology
offers the ability to conduct nondestructive measurements quickly and it has been
shown to be useful for locating ducts, detecting voids, and measuring the thickness of
structures accessible from only one side.
The use of GRP as a rapid and accurate means of inspecting concrete bridge
decks has also been investigated (Maser 1991). The program involved surveys of 32
asphalt‐overlaid decks, of which twenty‐eight were assessed for deterioration during
maintenance. A good correlation (R squared 0.83) between the received signal and
actual deck deterioration was validated when the asphalt overlay was removed and the
bare concrete was visually examined and chain‐dragged. These survey methods were
subsequently implemented at highway speed at costs that were comparable to
traditional survey methods. Additional studies reflecting successful use for concrete
bridges include Clemeña (1983), Saarenketo (1993), Maser (1996), Halabe (1997),
Huston et al (2000), Maser and Bernhardt (2000), Hugenschmidt (2002), Parrillo et al
2005, Hugenschmidt and Mastrangelo (2006), and Wang et al (2011),
Investigations have been completed looking at the potential development of
GPR technology and systems to support bridge inspections. Specifically, the FHWA has
engaged in research and development to detect and evaluate fatigue cracks in steel
highway bridges and to evaluate reinforced concrete bridge decks. Several papers
highlight the work. Chase and Washer (1997) and Davidson and Chase (1999) present
FHWA's research and development program, highlighting the program objectives and
background. They provided detail on advanced bridge deck inspection technology,
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advanced‐bridge‐testing and health‐monitoring projects, advanced fatigue‐crack
detection and evaluation projects, advanced corrosion detection and evaluation
projects, and other advanced nondestructive evaluation projects.
Combinations of GPR with thermography technology have also been investigated
for use for inspecting concrete bridges. The combination has shown show promise for
producing rapid and accurate condition assessment for bridge decks. This includes Kunz
and Eales (1985), Maser and Roddis (1990), and Maser (2009).
2.2.3

GPR for Timber and Timber Structures
An excellent overview of the use of ground penetrating radar is presented by

Sbartaï (2010). It discusses the basics of GPR, dielectric constants for wood, equipment
options and a variety of applications and research on the use of GPR for timber
members. Specifically, Devaru et al (2008) used GPR for logs while Halabe (2009)
assessed GPR as a non‐invasive method for detecting internal defects. This study
showed that GPR could be used to accurately identify subsurface defects such as knots,
decay and metallic nails inside the logs that were not visible from outside observations.
The results showed that GPR can be a very promising technique for future online
implementation in saw mills. Schad et al. (1996) investigated three NDE techniques for
detecting wood defects in softwood logs. This included sound wave transmission, x‐ray
computed tomography, and impulse radar. A hand‐held 1.2 GHz radar antenna was run
along the length of the log in three different transects. The operators of the impulse
radar equipment were able to distinguish between sound wood and wood with major
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voids or defects, but the radar was not able to locate small decay defects or voids. They
reported that the interpretation of the signal reflections was quite subjective and
challenging for the investigators.
Two papers have been published on the use of GPR for timber bridge elements.
Both of these studies (Muller 2002, Muller 2003) documented the successful use of a
modified GPR system for assessing defects in timber girders. GPR, gamma ray
transmission and ultrasound techniques were used to investigate timber girders from a
demolished bridge and girders in an existing four span bridge. Defect predictions were
assessed by cutting up and inspecting the girders from the demolished bridge, and by
conducting a drilling investigation of the existing bridge. Of the techniques trialed, GPR
was found to be the most reliable method for locating internal defects. Various defect
types were successfully located using this method, including termite piping, rot and
cracking. Overall there was an excellent correlation between the GPR defect predictions
and verification testing. This paper gives an overview of each of the techniques trialed,
but focuses on the performance and potential applications for GPR in timber bridge
inspection.
GBG Australia (2010, 2010) reports on the results of using a high frequency GPR
system for a timber bridge investigation that was completed in southern Victoria,
Australia. The purpose of the inspection was to use GPR to assess the condition of
timber structural elements and determine the potential for using the timber in
reconstruction of the bridge. A 1.2 GHz antenna system was used to inspect accessible
timber girders, piers, piles and cap members. Real time data viewing was used to
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identify internal defects during the inspection of 468 timber members on this bridge.
They reported that that the GPR system was portable and allowed for rapid real‐time
data collection, collected data continuously on members, and when used with visual and
drilling techniques resulted in a comprehensive and cost‐effective inspection of a timber
bridge.
Finally, the USDA Forest Service, Forest Products Laboratory is undergoing a
research project focused on the use of advanced NDE techniques for use in historic
covered bridges (Wacker 2014). One of the techniques being evaluated is the use of
GPR. Olson Engineering used an IDS Georadar Aladdin system to inspect nine bridge
beam and deck specimens. These included glulam beams, sawn lumber beams and
asphalt covered glulam decks. Defects had been manufactured into the specimens, but
no information was provided during the initial blind investigation. Olson identified a
number of unconfirmed anomalies in the received signal, as detailed in their report to
the Forest Service (Olson 2014). Additional updating of the report will be completed in
late 2014.
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METHODOLOGY

3.1
3.1.1

Longitudinal Screw‐laminated Timber Deck
Simulated Defect Fabrication
GPR testing was completed on a specially fabricated screw‐laminated

longitudinal deck that contained embedded defects that simulated voids, decay, insect
damage and horizontal shear splitting. Therefore, a variety of defects were created in
individual boards prior to face screwing them together. Figure 3.1 shows examples of
the six types of constructed defects: internal rectangular and round holes that simulate
severe decay, expanding insulation foam filled holes that simulate severe decay,
sawdust/adhesive filled holes that simulate moderate decay or insect damage, low
density basswood inserts to simulate mild decay, and horizontal splitting by placing a
saw kerf at the mid‐depth of the lumber. The average density of the expanding foam
defect was 2 lbs/ft3 (32.0 kg/m3), 10 lbs/ft3 (160 kg/m3) and 25 lbs/ft3 (400.5 kg/m3) for
the basswood lumber. This compared to a density of approximately 36 lbs/ft3 (576.7
kg/m3) for the southern yellow pine lumber.
Each defect was cut strategically into individual boards so that some of the
defects could be placed next to each other, increasing the size of the defect in the width
direction. Once a defect was fully cut and assembled, insulation foam,
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sawdust/adhesive mixture and low density basswood lumber was placed into the hole
before the next board was added.

Figure 3.1

Simulated defect types used in the construction of the deck system.

From top left, clockwise, the defects are rectangular holes, circular holes,
sawdust/adhesive filled holes, horizontal splitting, low density basswood inserts and foam
filled holes.
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Table 3.1 provides information on the types and dimensions of the simulated
decay, insect and splitting defects used in this project.
Table 3.1

An overview of the types of embedded defects into a screw‐laminated
timber deck.

Width
Length
Height
Fill Material
(in.)
(in.)
(in.)
A
Round
1.5
3
3
Foam
B
Round
6
3
3
Foam
C
Round
12
3
3
Foam
D
Rectangle
1.5
12
5
Foam
E
Rectangle
6
12
5
Foam
F
Rectangle
12
12
5
Foam
G
Round
1.5
3
3
Sawdust
H
Round
6
3
3
Sawdust
I
Round
12
3
3
Sawdust
J
Rectangle
1.5
12
5
Sawdust
K
Rectangle
6
12
5
Sawdust
L
Rectangle
12
12
5
Sawdust
M
Round
1.5
3
3
Hole
N
Round
6
3
3
Hole
O
Round
12
3
3
Hole
P
Rectangle
1.5
12
5
Hole
Q
Rectangle
6
12
5
Hole
R
Rectangle
12
12
5
Hole
S
Rectangle
1.5
5
5
Basswood
T
Rectangle
6
5
5
Basswood
U
Rectangle
12
5
5
Basswood
X
Split
1.5
24
0.1
None
Y
Split
6
24
0.1
None
Z
Split
12
24
0.1
None
AA
Split
24
1.5
0.1
None
Note: 0.1 in. = 0.3 cm, 1.5 in. = 3.8 cm, 3.0 in. = 7.6 cm, 5 in. = 12.7 cm, 6 in. = 15.2 cm,
12 in. = 30.5 cm, 24 in. = 61.0 cm
Letter

Shape
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3.2

Screw‐laminated Deck Construction
Dimensional southern yellow pine (SYP) lumber (1.5‐ by 9.5‐in by 16.0 ft long,

(3.8‐ by 24.1 cm by 4.9 m)) were face‐screwed together using #10 self‐tapping torx head
screws that were 4 in. (10.2 cm) long. The screws were staggered 1.5 in. (3.8 cm) below
the top edge and 1.5 in. above the lower edge, and placed approximately 12 in. (30.5
cm) apart. Each board was face screwed together, with additional boards added until
the full deck width was 4.5 ft (1.4 m) wide. A wide belt floor sander was then used to
smooth the deck surface. The moisture content of the lumber was approximately 8% at
the time of construction. It was exposed to ambient laboratory temperature and
relative humidity conditions from initial testing (July 2013) until completion (September
2014). As required, foam insulation, or sawdust/adhesive was inserted into the cavity
before the next board was attached with screws. Figure 3.2 shows the screw pattern
used for fabrication. Figures 3.3 shows the three‐dimensional location of the defects
and the finished deck, respectively.
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Figure 3.2

Screws were used to attach each piece of dimension lumber to the deck.
The locations are highlighted by the yellow arrows.

Figure 3.3

Three‐dimensional overview of the screw laminated timber deck that was
assessed in this research.

Each defect was centered at the mid-depth of the lumber.
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3.3

Ground Penetrating Radar System
A portable GPR unit was used to scan for defects in the screw‐laminated

longitudinal deck. An Aladdin GPR system (IDS 2013 and Olson Engineering 2013),
manufactured by IDS Ingegneria Dei Sistemi S.p.A, was obtained from Olson
Instruments, a United Stated dealer for IDS. The basic Aladdin kit obtained for the
project was composed of an antenna unit, a DAD Fastwave radar control unit, and an
ethernet connection to a ruggedized personal computer that served as a data logger. It
has a high bandwidth antenna centered at 2 GHz, which provides for high‐resolution
imaging. The antenna utilizes dual polarization, which means the unit performs scans in
both the longitudinal and transverse directions at the same time. This dual polarization
typically means that the inspector would travel in one direction only, capturing data in
both. The majority of scans were completed in the longitudinal direction of the deck,
but one set was completed in the transverse direction to assess potential differences in
identifying defects in the deck. The channel 1 radar pulse is in a longitudinal (front to
back of the antenna) orientation and the channel 2 pulse is in a transverse (side to side)
orientation. The technical specifications for the Aladdin system are shown in Table 3.2.
A photograph of the system that was used is shown in Figure 3.4.
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Table 3.2

Technical specifications for the Aladdin GPR System.

Technical Specifications for the Aladdin System
Antenna
2.0 GHz, Full‐Polar
Data Logger
Panasonic Toughbook CF19 PC or similar
Radar Control Unit
DAD Fast Wave 1 Channel
Operative Channels
3
Pulse Repetition Frequency Up to 400 KHz
Automated Acquisition
Yes
Antenna Dimensions
4.8‐ by 4.8‐ by 7.25 in. (12.2‐ by 12.2‐ by 18.4 cm)
Antenna Weight
4.4 lbs (2.0 kg)
Battery Life
8 hrs (Aladdin), 7 hrs (Toughbook Notebook PC)
Elaboration Software
GRED 3‐D

Figure 3.4

3.3.1

Components of the GPR system included the antenna, the radar control
unit and a laptop computer that served as a data logger (left to right).

Scanning Methodology
Following fabrication, a grid was marked onto the top of the deck using a chalk

snap line. Longitudinal lines were placed every 5.0 in. (12.7 cm) across the full width of
the deck. This created 11 distinct scan lines for data collection. Figure 3.5 shows the
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author completing a longitudinal data scan on the screw‐laminated deck with the
Aladdin GPR system. The procedure for the radar scanning was as follows:
1. Connect all components and self‐calibrate the antenna unit using the K2
Software supplied by IDS.
2. Slide the antenna unit in the longitudinal direction of the deck between the
grid lines to complete a full scan of approximately 15 ft (4.6 m) long.
3. Save the testing data for each scan line.
4. Scan and collect data for the remaining 5.0 in. (12.7 cm) wide sections.
5. Replicate the complete test scan set.

Figure 3.5

A GPR unit was used to complete a full‐length scan of a longitudinal
screw‐laminated timber deck.

29

Additional laboratory radar scanning was completed after the addition of a 1.5
in. (3.8 cm) thick layer of bituminous wearing surface. A bituminous wear layer is
commonly added to the surface of a timber bridge in order to protect the wood deck
from water, traffic abrasion and snowplow damage in northern climates. The
bituminous was added to the deck surface in a manual fashion by a local blacktop
paving company. It was compressed through a roller system to consolidate a hot loose
layer of bituminous material that is approximately 2.5 in. (6.4 cm) thick to a final
thickness of 1.5 (3.8 cm) in. Figure 3.6 shows the addition of the bituminous wear layer
and the compaction to a final thickness. The scanning after application of bituminous
used the same equipment and procedure noted above. Two sets of scans were
completed in the longitudinal direction of the deck (Figure 3.7) and a single set of scans
was completed in the transverse direction (Figure 3.8).
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Figure 3.6

Bituminous was added to the surface of the screw‐laminated timber deck
and compressed to a final thickness of 1.5 in.
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Figure 3.7

Additional GPR longitudinal scanning was completed following the
addition of a bituminous wear layer.

Figure 3.8

A transverse GPR scan was completed following the addition of a
bituminous wear layer.
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3.4

Data Analysis
Real‐time scan data was acquired by the Aladdin GPR and viewed using the K2

visualization software on the notebook computer. This information was used to verify
that a full length of scan data was collected. Initially, the raw scan data was visually
reviewed to assess whether a known large void (Defect R) was displayed as an anomaly,
and the characteristics of the radar signal. An example of the raw scan data displayed
by K2 software is shown in Figure 3.9. The top signal display (TX1 RX1) is the
longitudinal (front to back) radar signal and the lower display (TX2 RX2) is the transverse
(side to side) radar signal. The yellow arrow shows defect R.
The data collected during the laboratory and field radar scanning was analyzed
using the software provided by IDS/Olson Instruments. This analysis software was GRED
3D created by IDS. It is processing software designed to be an interface for 2D and 3D
imaging from the Aladdin GPR. It visualized the radar data for both the longitudinal and
transverse data collected from each scan line. This signal was viewed for each of the 11
scan lines completed along the length of the deck and for the 35 scans completed across
the width of the deck. Each known defect location was viewed for each scan line and
signal anomalies were assessed to identify signal reflections or discontinuities. In this
initial GPR research, no effort was made to assess any signal anomalies noted at other
locations. The emphasis was on evaluating the ability to locate known defects.
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D

Figure 3.9

Raw longitudinal GPR scan data generated by the Aladdin unit along the
length of the timber deck without a bituminous wear layer.

The GRED software offers various signal processing capacities and filters. Raw
radar sections for each radar scan line were viewed. Further, the raw data was
processed using several horizontal and vertical bandpass filters, however, a visual
review of various filters showed no improvement in the signal quality nor did it remove
any known anomalies such as the screws that were used to construct the deck material.
Therefore, after discussion with the equipment supplier, a decision was made to use the
raw data as displayed by the GRED system.
The software allowed the user to mark the location and length of identified
defects each scan line. The software refers to the marked defects as “targets”, where
34

anomalies were marked as a rectangular area. It also has the ability to create a 2D
overview of defect locations that can be overlaid on the known defects that were
fabricated into the timber deck. There are also options to change the radar map color
scale, a tool that helped support the visual identification of various defects in the radar
scan images. Figure 3.10 shows an example of the raw scan data as viewed within GRED
software and Figure 3.11 shows an example of the marked defects in an XY view for all
11 scan lines from one of the longitudinal scan sets completed.

Figure 3.10

Display of the raw data as viewed through proprietary GRED software.
Identified defects are shown as targets and marked by defect letter.
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Figure 3.11

Identified defects are shown as colored markers on each scan line in an
XY orientation.
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CHAPTER IV
RESULTS AND DISCUSSION

4.1
4.1.1

Longitudinal Screw‐laminated Deck – Longitudinal Scans without Bituminous
Results
Two sets of longitudinal GPR scan data were evaluated using the GRED software

to assess whether the known defects under each of the eleven scan lines were
identified. The two sets were identified as 0702AB and 0702AC.
As a representative example, Figures 4.1 and 4.2 show scan 0702 AB line 2 where
defects T (low density basswood: 6‐ by 5‐ by 5 in. (15.2‐ by 12.7‐ by 12 cm)), R
(rectangular hole: 12‐ by 12‐ by 5‐in. (30.5‐ by 30.5‐ by 12.7 cm)), and L
(sawdust/adhesive rectangular hole: 12‐ by 12‐ by 5‐in. (30.5‐ by 12.7‐ by 12.7 cm))
were identified. These defects were indicated by various signal reflections that are
clearly visible and matched the defect length. However, defects I (Sawdust/adhesive
round hole: 3 in. (7.6 cm) diameter and 12 in. (12.7 cm) wide) and Z (horizontal split: 12‐
by 24‐ by 0.125 in. (30.5‐ by 61.0‐ by 0.3 cm)) were not identified in the radar data of
line 2. Figure 4.1 shows the radar data in a gray color scheme and Figure 4.2 shows a
green color scheme. The use of various non‐gray scale color scheme palettes was often
helpful in seeing the presence or lack of defects in the scan data.
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Figure 4.1

Defects T, R, and L were identified in line 2 of GPR data set 0702AB
showing a gray color scheme.

Figure 4.2

Defects T, R, and L were identified in line 2 of GPR data set 0702AB
showing a green color scheme.
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In the second data set analyzed, 0702AC, results for scan line 2 are shown in
Figure 4.3 and 4.4. Consistent with the data from the first set of scans (0702AB), defects
T, R, and L were identified as anomalies in the visual data representation and defects I
and Z were not identified. This suggests that the system is consistent in its ability to
locate certain types and sizes of known defects. The GPR radar scans as viewed in GRED
visualization software are located in Appendix A for the remaining scan lines for data
sets 0702AB and 0702AC.

Figure 4.3

Defects T, R, and L were identified in line 2 of GPR data set 0702AC
showing a gray color scheme.
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Figure 4.4

Defects T, R, and L were identified in line 2 of GPR data set 0702AC
showing a green color scheme.

Table 4.1 shows a summary of defects that were present in the screw‐laminated
bridge deck. If the defect was identified in the scan data it is reported as Yes. If it was
not identified in the scan data it is reported as No. All identified defects were located in
both scans. There were a number of defects that were not located in either scan.

40

Table 4.1

Defect
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
X
Y
Z
AA

Overview of defect characteristics and presence as located by GPR for
screw‐laminated timber decks without a bituminous wear layer.
Defect
Type

Defect
Shape

Foam
Foam
Foam
Foam
Foam
Foam
Sawdust
Sawdust
Sawdust
Sawdust
Sawdust
Sawdust
Hole
Hole
Hole
Hole
Hole
Hole
Basswood
Basswood
Basswood
Split
Split
Split
Split

Round
Round
Round
Rectangle
Rectangle
Rectangle
Round
Round
Round
Rectangle
Rectangle
Rectangle
Round
Round
Round
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle

Defect Dimensions
Width
(in.)
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
24.0

Length
(in.)
3.0
3.0
3.0
12.0
12.0
12.0
3.0
3.0
3.0
12.0
12.0
12.0
3.0
3.0
3.0
12.0
12.0
12.0
5.0
5.0
5.0
24.0
24.0
24
1.5

Depth
(in.)
3.0
3.0
3.0
5.0
5.0
5.0
3.0
3.0
3.0
5.0
5.0
5.0
3.0
3.0
3.0
5.0
5.0
5.0
5.0
5.0
5.0
0.1
0.1
0.1
0.1

GPR Longitudinal
Scan Identified
0702AB

0702AC

No
No
No
Yes
Yes
Yes
No
No
No
No
Yes
Yes
No
No
No
Yes
Yes
Yes
No
Yes
No
No
No
No
No

No
No
No
Yes
Yes
Yes
No
No
No
No
Yes
Yes
No
No
No
Yes
Yes
Yes
No
Yes
No
No
No
No
No

Note: 0.1 in. = 0.3 cm, 1.5 in. = 3.8 cm, 3.0 in. = 7.6 cm, 5 in. = 12.7 cm, 6 in. = 15.2 cm,
12 in. = 30.5 cm, 24 in. = 61.0 cm

Figure 4.5 shows the location of the identified defects in an XY orientation for
both scans 0702AB and 0702AC. Each of the defects identified is shown in the length
that was determined by analyzing the visualized GPR scan data.
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Figure 4.5

Defects identified using the visualization software for scan 0702AB (left)
and 0702AC (right).

Each vertical line represents the defect length identified.

Figure 4.6 shows the defect map for the longitudinal timber deck used in this
study. The defects are labeled by letter to match Table 4.1. The defects that were
identified from the longitudinal GPR scans are shown in green and those not identified
are shown in light blue.
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Figure 4.6

Figure showing the defect locations and if they were identified by GPR
(green) or were not identified by GPR (light blue).
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4.1.2

Discussion
The GPR unit used in this study transmitted high‐frequency (2 GHz) energy into

the longitudinal bridge deck in both a longitudinal (antenna front to back) and
transverse (antenna side to side). When the energy hit an internal object or internal
void, the receiving antenna captured variation in the reflected return signal. These
anomalies, when compared to the known defect map of the deck, allowed for
identification of internal defects. These signal variations are attributable to the
difference in dielectric constants in the material. The dielectric constant of a material is
the ratio of the capacitance of a capacitor using that material to the capacitance of the
same capacitor using a vacuum as the dielectric. The dielectric constant for wood
ranges from 2‐5. Based on a review of the literature (Forest Products Laboratory 2010,
Zhou et al 2013, Brittanica 2014), the dielectric constant for the defects used in this
study were projected as: southern yellow pine ‐ 2, sawdust/adhesive ‐ 1.2, basswood ‐
1.6, foam ‐ 1.09, and air voids – 1.0. These constants are based on room temperatures
conditions at an equilibrated moisture content for the wood materials of 8.0 percent.
The construction screws in the deck are a non‐dielectric metal and reflect the energy.
When the radar energy hits an embedded object or void in the deck, part of the
wave is reflected back to the antenna and part continues to travel through the object or
void until it hits the bottom of the deck. When the wave contacts the steel screws, the
signal is reflected to the antenna receiver. The presence of steel screws was clearly
noted in the visual scan data as distinct parabolas. Their consistent presence in the data
scans often hid other defects that were located below them in the deck cross‐section.
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Figure 4.7 shows the distinctive parabola associated with the steel screws used to
fabricate the test deck used in this study. There were 16 screws used to attach each
board and a total of 560 screws used in the deck. The screws are most visible in the
longitudinal radar energy scan (figure top) since they are located perpendicular to the
radar energy transmission. The second antenna channel transmits the energy in a
parallel direction to the screws, making them very difficult to detect, allowing for
improved signal analysis.

Figure 4.7

The top scan section shows distinctive parabolas associated with the
steel screws used to construct the test deck.
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The GPR data showed signal anomalies that corresponded to defects D, E, and F
(rectangular holes filled with low density foam). It also showed defects K and L
(rectangular holes filled with sawdust/adhesive), along with P, Q, and R (rectangular
unfilled holes). Finally, defect T (basswood rectangle) was also detected. Except for
basswood defect T, these were the larger void defects that were embedded into the test
deck, at least 6‐ by 12‐ by 5 in (15.2‐ by 30.4‐ by 12.7 cm). These defects were mostly
identified in the transverse radar signal, as the longitudinal signal contained a large
number of screw‐associated signals that masked defect signals. The defect anomalies
were more obvious in the transverse orientation. The defect signals were fairly accurate
in estimating the length of the defect. The data showed the easiest ability to identify
these defects was when the GPR unit was directly over the center of the defect. It
became more difficult when scanning an outside edge of a defect. For instance,
basswood defect T was identified in scan 2, but not in scan 1. When the deck was
scanned in the lengthwise direction, several rectangular defects that were longer than
wide (D and P) were identified.
The data also shows that when the defects were circular holes, the signal did not
indicate their presence. In fact, no circular defects were identified. Daniels (2000) notes
that when the radar wave hits a defect, the energy is scattered according to the shape
and roughness of the interface. In this study, the round defects simply do not scatter
and reflect the energy in the same manner as a distinct rectangular defect surface.
The identification of internal voids is also consistent with Muller (2002 and
2003). In his research and demonstration of using GPR to inspect timber girder, he
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reported the ability to locate internal and external defects such as termite piping,
cracking and rot. Muller located defects in the Redbank Creek girders that ranged from
2.0 – 13.8 in. (5.0 – 35.0 cm) in the timber beams.
4.2
4.2.1

Longitudinal Screw‐laminated Deck – Longitudinal Scans with Bituminous
Results
Following the addition of a bituminous layer, two sets of longitudinal GPR scan

data were evaluated using the GRED software to assess whether the known defects
under each of the eleven scan lines were identified. The two sets are identified as
0407AA and 0822AF. As a representative example, Figures 4.8 and 4.9 show scan
0407AA line 2 where defects R (rectangular hole: 12‐ by 12‐ by 5‐in. (30.5‐ by 30.5‐ by
12.7 cm)), and L (sawdust/adhesive rectangular hole: 12‐ by 12‐ by 5‐in. (30.5‐ by 12.7‐
by 12.7 cm)) were identified. These defects were indicated by various signal reflections
that were clearly visible and matched the defect length. However, defects T (low
density basswood: 6‐ by 5‐ by 5 in. (15.2‐ by 12.7‐ by 12 cm)), I (Sawdust/adhesive round
hole: 3 in. (7.6 cm) diameter and 12 in. (12.7 cm) wide), and Z (horizontal split: 12‐ by
24‐ by 0.125 in. (30.5‐ by 61.0‐ by 0.3 cm)) were not identified in the radar data of line 2.
Figure 4.8 shows the radar data in a gray color scheme and Figure 4.9 shows an aqua
color scheme.
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Figure 4.8

Defects R and L were identified in line 2 of GPR data set 0407AA showing
a gray color scheme.

Figure 4.9

Defects R and L were identified in line 2 of GPR data set 0407AA showing
an aqua color scheme.
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In the second data set analyzed, 0822AF, results for the same scan line 2 are
shown in Figure 4.10 and 4.11. Consistent with the data from the first set of scans
(0407AA), defects R and L were identified as anomalies in the visual data representation
and defects T, I, and Z were not identified. This suggests that the system is consistent in
its ability to locate certain types and sizes of known defects with a bituminous layer.
The GPR radar scans as viewed in GRED visualization software are located in Appendix A
for the remaining scan lines for data sets 0407AA and 0822AF.

Figure 4.10

Defects R and L were identified in line 2 of GPR data set 00822AF showing
a gray color scheme.
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Figure 4.11

Defects R and L were identified in line 2 of GPR data set 0822AF showing
an aqua color scheme.

Table 4.2 shows a summary of defects that were present in the screw‐laminated
bridge deck with a bituminous wear layer added. If the defect was identified in the scan
data it is reported as Yes. If it was not identified in the scan data it is reported as No. All
identified defects were located in both scans. There were a number of defects that
were not located in either scan. Defects T, P, and D had been identified in the scans
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from the screw‐laminated deck without a bituminous layer, but they were not identified
in either scan completed after a bituminous layer was added.
Table 4.2

Defect
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
X
Y
Z
AA

Overview of defect characteristics and the presence as located by GPR for
screw‐laminated timber decks with a bituminous wear layer.
Defect
Type

Defect
Shape

Foam
Foam
Foam
Foam
Foam
Foam
Sawdust
Sawdust
Sawdust
Sawdust
Sawdust
Sawdust
Hole
Hole
Hole
Hole
Hole
Hole
Basswood
Basswood
Basswood
Split
Split
Split
Split

Round
Round
Round
Rectangle
Rectangle
Rectangle
Round
Round
Round
Rectangle
Rectangle
Rectangle
Round
Round
Round
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle

Defect Dimensions
Width
(in.)
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
24.0

Length
(in.)
3.0
3.0
3.0
12.0
12.0
12.0
3.0
3.0
3.0
12.0
12.0
12.0
3.0
3.0
3.0
12.0
12.0
12.0
5.0
5.0
5.0
24.0
24.0
24
1.5

Depth
(in.)
3.0
3.0
3.0
5.0
5.0
5.0
3.0
3.0
3.0
5.0
5.0
5.0
3.0
3.0
3.0
5.0
5.0
5.0
5.0
5.0
5.0
0.1
0.1
0.1
0.1

GPR Longitudinal
Scan Identified
0407AA

0822AF

No
No
No
No1
Yes
Yes
No
No
No
No
Yes
Yes
No
No
No
No1
Yes
Yes
No
No1
No
No
No
No
No

No
No
No
No1
Yes
Yes
No
No
No
No
Yes
Yes
No
No
No
No1
Yes
Yes
No
No1
No
No
No
No
No

Note: 0.1 in. = 0.3 cm, 1.5 in. = 3.8 cm, 3.0 in. = 7.6 cm, 5 in. = 12.7 cm, 6 in. = 15.2 cm,
12 in. = 30.5 cm, 24 in. = 61.0 cm
1
Previously identified in the screw‐laminated deck without bituminous
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Figure 4.12 shows the location of the identified defects in an XY orientation for
scan 0822AF. Each of the defects identified is shown in the length that was determined
by analyzing the visualized GPR scan data.

Figure 4.12

Defects identified using the visualization software for scan 0822AF. Each
vertical line represents the defect length.
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Figure 4.13 shows the defect map for the longitudinal timber deck used in this
study. The defects are labeled by letter to match Table 4.1. The defects that were
identified from the longitudinal GPR scans are shown in green and those not identified
are shown in light blue. The yellow defects had been identified in the deck before
bituminous was added, but were not located after the layer was added.
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Figure 4.13

Figure showing the defect locations and if they were identified by GPR
(green) or were not identified by GPR (light blue). The yellow defects had
been previously located before the bituminous layer was added.
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4.2.2

Discussion
The addition of a 1.5 in. (3.8 cm) thick bituminous wear layer resulted in

decreased signal strength and quality. The layer created a damping effect on the wave
energy, making it more difficult to interpret the GPR data and identify defects. Despite
the reduced signal quality, most of the same defects identified without the bituminous
layer were also identified with the bituminous layer. The GPR data showed signal
anomalies that corresponded to defects E and F (rectangular holes filled with low
density foam). It also showed defects K and L (rectangular holes filled with
sawdust/adhesive) and with Q and R (rectangular unfilled holes). These were the larger
void defects that were embedded into the test deck, often at least 6‐ by 12‐ by 5 in
(15.2‐ by 30.4‐ by 12.7 cm). The long and narrow defects, D and P (1.5‐ by 12 by 5 in.
(3.8‐ by 30.5‐ by 12.7 cm)), were not identified after the bituminous layer was added.
The signal reduction affected the ability to identify these defects. There were not any of
the longitudinal splits identified as the depth of the crack was only 0.1 in. (0.3 cm).
These defects were mostly identified in the transverse radar signal, as the
longitudinal signal contained a large number of screw‐associated signals that masked
defect signals. The defect signals were more obvious in the transverse orientation. The
defect signals were fairly accurate in estimating the length of the defect. The data also
showed that when the defects were circular holes, the signal did not indicate their
presence.
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4.3

Longitudinal Screw‐laminated Deck – Transverse Scans with Bituminous

4.3.1

Results
In an attempt to improve the ability to identify smaller defects after the addition

of a bituminous layer, one set of transverse GPR scan data was evaluated using the
GRED software to assess whether known defects under each of the thirty‐five scan lines
were identified. The set was identified as 0822AK. As a representative example, Figure
4.14 shows scan 0822AK line 2 where defect K (sawdust/adhesive rectangular hole: 6‐
by 12‐ by 5‐in. (15.2‐ by 12.7‐ by 12.7 cm)) was identified. This defect was indicated by
various signal reflections that were clearly visible and matched the defect length.
However, defects T (low density basswood – 6‐ by 5‐ by 5 in. (15.2‐ by 12.7‐ by 12 cm))
and H (sawdust/adhesive round hole ‐ 3 in. (7.6 cm) diameter and 6 in. (15.2 cm) wide)
were not identified in the radar data of line 2. Figure 4.14 shows the radar data in a
gray color scheme and an aqua color scheme. The GPR radar scans as viewed in GRED
visualization software are located in Appendix A for the remaining scan lines for data set
0822AK.
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Figure 4.14

Defects E was identified in line 2 of the transverse GPR data set 0822AK
showing a gray and aqua color scheme.

Table 4.3 shows a summary of defects that were present in the screw‐laminated
bridge deck with a bituminous wear layer added. If the defect was identified in the
transverse scan data it is reported as Yes. If it was not identified in the scan data it is
reported as No. Defect N (Round hole: 3 in. (7.6 cm) diameter and 6 in. (15.2 cm) wide)
was the only defect identified in the transverse scan that had not been located in the
longitudinal scans.
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Table 4.3

Defect
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
X
Y
Z
AA

Overview of defect characteristics and the presence as located by GPR for a
screw‐laminated timber deck with a bituminous wear layer.
Defect
Type

Defect
Shape

Foam
Foam
Foam
Foam
Foam
Foam
Sawdust
Sawdust
Sawdust
Sawdust
Sawdust
Sawdust
Hole
Hole
Hole
Hole
Hole
Hole
Basswood
Basswood
Basswood
Split
Split
Split
Split

Round
Round
Round
Rectangle
Rectangle
Rectangle
Round
Round
Round
Rectangle
Rectangle
Rectangle
Round
Round
Round
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle
Rectangle

Defect Dimensions
Width
(in.)
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
1.5
6.0
12.0
24.0

Length
(in.)
3.0
3.0
3.0
12.0
12.0
12.0
3.0
3.0
3.0
12.0
12.0
12.0
3.0
3.0
3.0
12.0
12.0
12.0
5.0
5.0
5.0
24.0
24.0
24
1.5

Depth
(in.)
3.0
3.0
3.0
5.0
5.0
5.0
3.0
3.0
3.0
5.0
5.0
5.0
3.0
3.0
3.0
5.0
5.0
5.0
5.0
5.0
5.0
0.1
0.1
0.1
0.1

GPR Longitudinal
Scan Identified
0822AF
No
No
No
No
Yes2
Yes2
No
No
No
No
Yes2
Yes2
No
Yes
No
No1
Yes2
Yes2
No
No1
No
No
No
No
No

Note: 0.1 in. = 0.3 cm, 1.5 in. = 3.8 cm, 3.0 in. = 7.6 cm, 5 in. = 12.7 cm, 6 in. = 15.2 cm,
12 in. = 30.5 cm, 24 in. = 61.0 cm
1
Previously identified in the screw‐laminated deck without bituminous layer
2
Previously identified in the longitudinal scans of the deck with bituminous layer

Figure 4.15 shows the location of the identified defects in an XY orientation for
transverse scan 0822AK. Each of the defects identified is shown in the length that was
determined by analyzing the visualized GPR scan data.
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Figure 4.15

Defects identified using the visualization software for scan 0822AK. Each
horizontal line represents the defect length.

Figure 4.16 shows the defect map to scale for the longitudinal timber deck used
in this study. The defects are labeled by letter to match Table 4.1. The defects that
were identified from the longitudinal GPR scans are shown in green and those not
identified are shown in light blue.
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Figure 4.16

Figure showing the defect locations and if they were identified by GPR
(green) or were not identified by GPR (light blue).
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4.3.2

Discussion
One set of transverse scans was completed in an attempt to improve the

identification of smaller defects, especially those that were wider than long. Thirty‐five
scans were completed across the width of the deck with a bituminous layer. In this
orientation, the longitudinal radar signal (antenna front to back) was parallel to the
screws, minimizing their interference. Thus, the front to back signal was of the most
value in the transverse scan direction.
However, this did not significantly improve the ability to locate additional
defects. Only defect N was added to the identified defects, and it was a mid‐size round
hole that was wider than it was long. This was the only circular hole defect identified
during any of the scans. A review of the defect layout showed that defect N was
perfectly centered under the middle of the radar, improving the signal quality. The
other circular defects were not directly under the radar unit.
The larger defects were again successfully identified in the scan data. This
included rectangular defects E, F, K, L, Q, and R. There were no defects that contained
low density basswood or longitudinal mid‐depth splits identified in the scan data. The
defect signals were fairly accurate in estimating the length of the defect.
4.4

Statistical Analyses
Nonparametric statistical analyses were completed using the Chi (χ2) Square test

to assess whether a significant difference existed between the observed presence of
defects and the number of defects expected due to chance identification. The analyses
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were completed for the longitudinal scans of the timber deck before and after a
bituminous layer was added and for the transverse scan of the timber deck after the
bituminous layer was added.
A one‐way classification was used for the analyses. The number of responses for
each defect was identified as two: identified (yes) or not identified (no), resulting in a
degree of freedom of 1. Therefore, the Yates Correction needed to be applied to the
equation. To use this correction, a value of 0.5 was subtracted from the absolute value
of the observed frequency minus the expected frequency. The basic computation
equation was:

Χ

Σ

|Observed frequency Expected frequency| 0.5

2

Expected frequency

(4.1)

Chi Square analyses were conducted for each deck scan condition to assess
round and rectangular voids (empty hole, foam or sawdust/adhesive, basswood insert
and horizontal splits. Specifically, the analyses looked at whether a significant
difference existed between the observed presence and number of defects and the
number of defects expected to be identified by chance. A decision was made to set the
ratio of the expected number of defects to be identified to the expected number of
defects that would not be identified at 1:1. From statistical reference tables (Penn State
2014), a χ2 of 3.84 or greater would be needed for χ2 to be significant at the 0.05 level.
Table 4.4 presents the results of the analyses for each deck and general defect type.
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Individual sized defects within defect type and shape were not statistically analyzed due
to the small sample size.
Table 4.4

Chi Square one‐way classification statistical analyses for each deck and
general defect type for p < 0.05.

Scan
General Defect Number of
χ2
Significant
Orientation
Type
Defects
Rectangular
18
10.94
Yes
voids
Wood deck
18
18.05
Yes
Longitudinal Round voids
only
Basswood
6
0.83
No
Split
8
8.12
Yes
Rectangular
18
2.06
No
voids
18
18.05
Yes
Longitudinal Round voids
Basswood
6
6.17
Yes
Wood deck
Split
8
8.12
Yes
with
bituminous
Rectangular
9
1.11
No
layer
voids
Round voids
9
5.56
Yes
Transverse
Basswood
3
3.33
No
Split
4
4.25
Yes
Note: A χ2 of 3.84 or greater would be needed for χ2 to be significant for p < 0.05 level,
degree of freedom = 1.
Deck Type

To summarize, the analyses verified that the equipment was able to accurately
identify rectangular void defects and was not able to identify round defects and splits in
longitudinal GPR scans of timber decks before and after a bituminous layer was added.
Further, the ability to identify basswood inserts was not significant in the wood deck
only, meaning that the identification could have occurred due to sampling error. It was
significant for basswood after bituminous was added, suggesting that the equipment
was not able to locate those defects. In the assessment of the transverse GPR scans in
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the timber deck, it was validated that the equipment was not able to locate round voids
and splits. Although 50% of the rectangular voids were located in the scans, the result
was not significant. The basswood was also not significant, due to the small sample size.
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CHAPTER V
SUMMARY AND CONCLUSIONS
5.1

Summary
GPR is a recognized nondestructive testing technique that has been used

effectively for many different environmental and transportation applications. It has
been utilized successfully to identify buried objects, internal defects and material
changes. One major application of GPR has been in the inspection of concrete bridges
to evaluate bridge deck condition, overlay thickness, reinforcing steel location and
foundation quality. Only limited research has been completed using GPR to inspect
individual bridge members.
Advanced nondestructive inspection techniques like stress wave timing and
resistance microdrilling have been used to successfully inspection timber bridges, but it
is most effective on girder style bridges. There is a noted need to develop additional
inspection techniques for longitudinal deck/slab timber bridges, which comprise about
20% of the national bridge inventory. One technique that holds potential is ground GPR.
The objective of this research was to assess the potential for using GPR to identify and
assess simulated deterioration in longitudinal timber decks and slab style timber
bridges.
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GPR scans were completed in the longitudinal direction of a screw‐laminated
timber bridge deck before and after a bituminous layer was added. Further, a
transverse radar scan was completed across the deck after a bituminous wear layer was
added. This testing was completed on a specially fabricated screw‐laminated
longitudinal deck that had embedded defects that simulated voids, decay, insect
damage and horizontal shear splitting. A variety of defects were created in southern
yellow pine construction lumber prior to face screwing them together. The six types of
defects included: internal square and round holes that simulated severe decay,
expanding insulation foam filled holes that simulated severe decay, sawdust/adhesive
filled holes that simulate moderate decay or insect damage, low density basswood
inserts to simulate mild decay, and horizontal splitting by creating a saw kerf at the mid‐
depth of the lumber.
Assessment of the GPR wave energy signal was completed using visualization
software that was provided with the commercial GPR unit used for the testing. The
radar signal was analyzed in both the longitudinal direction (antenna front to back) and
the transverse direction (antenna side to side). Interpretation of the radar signals
allowed for the identification of various internal defects present in the deck. The
identified signal anomalies were presented as one‐dimensional data for each individual
GPR line scan and in a two‐dimensional XY orientation for the full scan data sets.
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5.2

Conclusions
In order to identify defects in a screw‐laminated timber bridge deck, GPR

scanning was completed in both longitudinal and transverse directions. The results
provided insight into the potential for using GPR to identify defects and they
corresponded to the limited past research. Based on these findings, it was concluded
that:


GPR has the potential to identify internal defects in timber bridge decks
before and after a bituminous layer was added. Large, rectangular void
defects that were hollow, filled with foam, or filled with sawdust/adhesive
were identified under all scanning conditions. Small defects, especially those
that were round with a 3 in. (7.6 cm) diameter were not identified. The
signal reflection for round defects was not as clear as those with a straight
horizontal border between sound wood and the defect void. Longitudinal
cracks that were created at the mid‐depth of members were also not
identified in the assessment and interpretation of the testing data.



The presence of steel construction screws affected the signal from the
longitudinal channel (antenna front to back) of the radar unit when the
testing was completed in the length direction of the timber deck. The
transverse channel signal (antenna side to side) was more effective in finding
the embedded defects for this condition. When the testing was completed
in the width direction of the deck, the longitudinal (antenna front to back)
channel data was more useful. In both of these orientations, it was most
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effective to assess the data that was collected from the signal that was
parallel to the screws. If an inspector is specifically looking for steel
hardware, they should focus on the scanning data that is perpendicular to
the hardware orientation.


The addition of a bituminous layer, common to slab bridge construction,
damped the signal response and made it more difficult to identify defects.
Several smaller defects that were found in the deck without a bituminous
layer were not identified in scanning completed after the bituminous layer
was added.



Interpretation of GPR data is a sophisticated process, best completed by
experienced operators. Large defects that had a surface cross‐section of 12‐
by 12 in. (30.5‐ by 30.5 cm) were the most easily identified by the researcher.
As experience was gained in reviewing the visualized data, there was a
greater confidence and speed in identifying anomalies associated with
known defects in the decks.



The larger size defects identified by the GPR scanning completed during this
research are practical, as very small defects typically do not affect the
structural capacity of a timber deck. The ability to identify smaller defects
will be easier in longitudinal glulam decks since they contain minimal metal
hardware connectors and fasteners. Spike‐laminated timber bridge decks
contain a large number of metal spikes that may be as thick as 0.5 in. (1.3
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cm). These fasteners will be clearly identified, but may also affect the ability
to identify defects that are adjacent or below the fasteners.
5.3

Recommendations for Future Research
This research was designed to be an early assessment of the potential for using

GPR to identify known defects in longitudinal timber bridge decks and slab spans.
Future research should focus on incorporating the following:


Individual scan lines should be closer together in order to create overlap in
signal results. This would be valuable in improving the detection of defects
where the scans are on the edge of a defect. It will also be supportive in
developing 3D scanning results.



Additional reviews of signal processing should be considered with data
processing specialists to identify filters that may improve the signal by
removing noise from the data.



High moisture content defects were not included in the testing plan.
However, it is expected that the high dielectric coefficient of water saturated
wood may make the condition easy to identify. The presence of high
moisture regions should be included in the future.
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APPENDIX A
GROUND PENETRATING RADAR SCANS FOR LONGITUDINAL TIMBER DECKS
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Longitudinal Screw‐laminated Deck – Longitudinal Scans without Bituminous
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Figure A.3
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Figure A.4
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Figure A.5
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Figure A.6
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Figure A.9
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Longitudinal Screw‐laminated Deck – Longitudinal Scans with Bituminous
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Longitudinal Screw‐laminated Deck – Transverse Scans with Bituminous
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